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Předkládaná dizertační práce shrnuje pět článků publikovaných v recenzovaných,
impaktovaných odborných časopisech. Články jsou taxonomickými revizemi dříve
neznámých nebo málo známých kolekcí fosilních hlavonožců ze spodního paleo-
zoika Čech, Estonska a Švédska. Práce shrnují a zpřesňují paleogeografické a
stratigrafické rozšíření jednotlivých taxonů a srovnávají jej s rozšířením podobně
starých hlavonožcových tafocenóz známých z jiných oblastí. Tafocenózy jsou ná-
sledně analyzovány a paleoekologicky interpretovány.
Dizertační práce se sestává ze tří hlavních částí. První část je zaměřena na
morfologii hlavonožců a uvádí základní diagnostické znaky, které se při popisu
hlavonožců používají. Shrnuje také dosavadní názory na systematiku hlavonožců
a stručně představuje hlavní skupiny významné pro období ordoviku. Druhá část
práce charakterizuje geologické podmínky a vývoj oblastí, ze kterých studovaní
hlavonožci pocházejí. Třetí a poslední část pak shrnuje výsledky publikovaných
studií.
Ze středního ordoviku pražské pánve byli studováni rod Bactroceras a dále
zástupci řádu Lituitida. Rod Bactroceras Holm, 1898 je stratigraficky nejstarším
známým zástupcem řádu Orthocerida. Ortoceridi byli prvními hlavonožci, kteří
osídlili hlubokovodní, pelagická prostředí. Paleogeografické a stratigrafické rozší-
ření rodu Bactroceras ukazuje, že se ortoceridi poprvé objevili ve spodním ordo-
viku ve vysokých zeměpisných šířkách peri-Gondwany a později, během středního
a svrchního ordoviku, se šířili do oblastí v nízkých zeměpisných šířkách. Nakonec
se ortoceridi stali jednou z nejpočetnějších a nejdiverzifikovanějších skupin hla-
vonožců v paleozoiku. Morfologicky unikátní schránky další skupiny studované v
pražské pánvi, hlavonožců náležejících řádu Lituitida, byly také adaptovány na
podmínky pelagických a relativně hlubokovodních prostředí. Na rozdíl od ortoce-
ridů byli ale lituitidi charakterističtí pro oblasti nízkých a středních zeměpisných
šířek a ve vysokých šířkách, např. v pražské pánvi, se objevovali jen vzácně.
Adaptace hlavonožců na život ve volném vodním sloupci a jejich rozšíření do
pelagických prostředí je jednou z nejvýznamnějších událostí ordovické biodiverzi-
fikace (Global Ordovician Biodiversification Event, GOBE). Další její důležitou
fází je globální rozšíření bioherm, které jsou dominantně budovány mnohobu-
něčnými organismy s pevnou kostrou. Tyto typy bioherm výrazněji vznikaly od
svrchního středního ordoviku. Na tato útesová prostředí byla vázána bohatá a
diverzifikovaná hlavonožcová fauna a jejich rozšíření bylo tudíž milníkem ve vý-
voji diverzity globálního ekosystému. V předkládané práci byly studovány dvě
tafocenózy hlavonožců z prostředí bioherm svrchního ordoviku Baltiky: ze sou-
vrství Vasalemma (Estonsko) a Kullsberg Limestone (Švédsko). Obě tafocenózy
obsahují společenstva hlavonožců, která se vyvíjela přibližně ve stejném časo-
vém úseku (svrchní stupeň sandbian) v témže sedimentačním prostoru (Baltická
pánev), přesto se ale výrazně liší svým taxonomickým složením. Tyto rozdíly
pravděpodobně souvisí s odlišnými podmínkami paleoprostředí obou oblastí –
horniny tvořící souvrství Vasalemma jsou interpretovány jako mělkovodní, kdežto
souvrství Kullsberg Limestone je interpretováno jako relativně hlubokovodnější.
Společenstvo hlavonožců ze souvrství Kullsberg Limestone spíše odpovídá svým
taxonomickým složením společenstvu již dříve popsanému ze souvrství Boda Li-
mestone (Švédsko), které je stratigraficky mladší (svrchní stupeň katian–spodní
stupeň hirnantian) a je také interpretováno jako hlubokovodnější. Hlavonožci ze
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souvrství Vasalemma a Kullsberg Limestone jsou druhově velmi rozmanití a ende-
mičtí, ale na taxonomických úrovních vyšších než druh vykazují afinitu ke vzdá-
leným oblastem, hlavně k Laurentii. V neposlední řadě byl ze svrchního siluru
Estonska popsán stratigraficky nejstarší silurský zástupce řádu Ascocerida z Es-
tonska. V siluru jsou askoceridi známí hlavně ze švédského ostrova Gotland a z
pražské pánve a jejich výskyt v Estonsku je tudíž významným doplněním znalostí
o paleogeografickém rozšíření skupiny a příkladem uplatnění fosilních hlavonožců
pro paleogeografické interpretace i v dalších fázích paleozoika.
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Abstract
This dissertation thesis is a summary of five studies published in peer-reviewed,
impacted scientific journals. All of the publications are taxonomic revisions of
previously unknown or little known collections of fossil cephalopods from the
Early Paleozoic strata of Bohemia, Estonia and Sweden. Paleogeographical and
stratigraphical distributions of the respective taxa were summarized, refined and
compared with contemporary fossil assemblages known from other regions. Im-
plications on the paleoecology of the cephalopods and original environmental
conditions were made.
The text of the thesis is divided into three main parts. In the first part,
the morphology of cephalopods is explained, stressing out the most important
diagnostic characters used for their descriptions. The current systematics of the
Cephalopoda is overviewed and the main cephalopod groups during the Ordovi-
cian are briefly introduced. The second part of the thesis describes the geological
development and settings of the regions, from which the studied fossil cephalopods
originate. The third and final part of the thesis provides a discussion and inter-
pretation of the results of the published studies in the context of the previously
published research.
The genus Bactroceras Holm, 1898 and some members of the order Lituitida
were studied from the Middle Ordovician of the Prague Basin. Bactroceras is
unique as the earliest known representative of the order Orthocerida. The or-
thocerids have straight, slender shells and were the first cephalopods to have
inhabited deeper-water, pelagic environments. The paleogeographic and strati-
graphic distribution of Bactroceras implies that orthocerids originated during the
Early Ordovician in the high latitude regions of peri-Gondwana and later, dur-
ing the Middle and Late Ordovician, expanded their habitats to low latitude
regions. Subsequently, the orthocerids became one of the most abundant and
diverse groups of the Cephalopoda of the whole Paleozoic. The morphologically
peculiar shells of another cephalopod order studied from the Prague Basin, the
Lituitida, were likewise adapted to the conditions of the pelagic and relatively
deep water conditions. By contrast to the orthocerids, the lituitids were, typical
for the low and mid latitude regions. In the high latitude regions, such as the
Prague Basin, the lituitids appeared only occasionally.
The departure of cephalopods to the free water column and pelagic environ-
ments is one of the crucial events of the Global Ordovician Biodiversification
Event (GOBE). Another important phase is the global expansion of metazoan-
dominated (skeletal) reefs that more significantly progressed since the latest Mid-
dle Ordovician. Abundant and diverse cephalopod faunas inhabited these reefs.
Herein, two cephalopod taphocoenoses from the late Sandbian reefal environ-
ments of Baltoscandia were studied: from the Vasalemma Formation (Estonia)
and the Kullsberg Limestone Formation (Sweden). Both taphocoenoses come
from roughly coeval strata that originated in the same basin (Baltic Basin) but
are still taxonomically distinct. The differences in the occurrence and abundance
of individual taxa probably reflect different paleoenvironmental conditions under
which both cephalopod faunas lived: the reefal limestones of the Vasalemma For-
mation represent the more proximal and shallow water environment, while the
mud-mounds of the Kullsberg Limestone Formation are interpreted as the rela-
tively deeper-water. The Kullsberg cephalopods are in fact more similar in taxo-
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nomic composition to those of the previously described, stratigraphically younger
(late Katian – early Hirnantian) and also deeper-water mud-mounds of the Boda
Limestone Formation (Sweden). On the species level, both the Vasalemma and
Kullsberg cephalopods are uniquely diverse and highly endemic. On the genus-
and higher taxonomic levels, however, they show similarities to fossil assemblages
from distant regions, such as Laurentia.
Additionally, the earliest member of the order Ascocerida from the Late Sil-
urian strata of Estonia is reported herein. During the Silurian, the ascocerids
are mainly known from the Swedish island of Gotland and the Prague Basin.
Their occurrence in Estonia is thus an important addition to our knowledge on
the paleogeographical pattern of the group and an example of the use of fossil
cephalopods for paleogeographical purposes also in later phases of the Paleozoic.
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Cephalopods are evolutionary successful, highly diversified and abundant car-
nivorous marine mollusks with a vertebrate-like intelligence, complex behaviors
(Fiorito et al. 1990; Nixon & Young 2003; Mather 2004, 2008; Langridge et al.
2007; Hanlon & Messenger 2018) and a unique buoyancy system for locomotion
(Westermann 1977, 1998; Kröger 2002, 2003; Greenwald & Ward 2010; Hoff-
mann et al. 2015). Typically, they are active predators feeding on vertebrate
fish, other mollusks or arthropods (Boyle & Rodhouse 2005). The cephalopods
inhabit nearly all marine environments; they range from tropical to arctic lati-
tudes, they may live associated with shallow-water coral reefs, as well as in the
deep sea or be fully pelagic (Boyle & Rodhouse 2005).
By contrast to the extant representatives of the group, most fossil cephalopods
had external, hard shells that were often preserved in rocks ranging in age from
the Late Cambrian up to the present (Clarke & Trueman 2013). Cephalopod
shells may even be so characteristic for some rocks that these have been referred
to as the cephalopod facies, or terms have been used, such as the orthoceratite,
Vaginatum, or Endoceras Limestone of the Ordovician of Baltoscandia (Kröger
2012), the cephalopod limestones in the Silurian of Bohemia (e.g., Manda &
Kříž 2007) or the Ammonitico Rosso limestones in the Jurassic of the Alpine-
Mediterranean region (e.g., Jenkyns 1975).
As early as in the Early Paleozoic, the cephalopods have been among the
top predators (Westermann 1998; Brett & Walker 2002; Kröger & Zhang 2009)
and thus a key component of ecosystems, sensitively reacting to the changes in
trophic chains and their structure (Servais et al. 2008a; Kröger & Zhang 2009).
Consequently, many studies have used fossil cephalopods for paleoecological but
also paleogeographical and stratigraphical interpretations (e.g. Bogolepova 1995;
Ferreti & Kříž 1995; Gnoli 2003; Manda & Kříž 2006, 2007; Evans 2007; Manda
2008a, b; Manda & Frýda 2010; Evans et al. 2013, 2015; Kröger & Lefebvre
2012; Kröger 2013a). Stable isotope data have been collected from their shells
(e.g., Wierzbowski 2004; Lukeneder et al. 2010). The rapid diversification of
cephalopods and development of their assemblages in the lower to middle Pale-
ozoic ecosystems is one of the most important phases of the Global Ordovician
Biodiversification Event (GOBE; Webby et al. 2004; Kröger et al. 2009b; Kröger
& Zhang 2009; Servais et al. 2008a; Kröger 2013a; Servais & Harper 2018) and
the Devonian Nekton Revolution (Klug et al. 2010). During the former Event,
the Paleozoic Evolutionary Fauna of Sepkoski (1978, 1979, 1981, 1984) was es-
tablished. This dissertation thesis presents studies of some selected Ordovician
cephalopods from Bohemia and Baltoscandia. The majority of the studied spec-
imens came from old, extensive but previously unpublished and/or unrevised
collections of cephalopods deposited in several museum collections in the Czech
Republic, Estonia and Sweden. The aim was to make modern taxonomic revi-
sions that would add reliable and up-to-date stratigraphic and paleogeographic
data to the current understanding of the changes in Ordovician environments and
ecosystems. Five publications are summarized below and referenced and attached
to this dissertation thesis as Appendices 1–5.
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2. Class Cephalopoda Cuvier, 1795
2.1 Morphology and diagnostic characters of
fossil cephalopods
As all mollusks, the cephalopods are characterized by the presence of calcite
and/or aragonite shells, which provide protection to the soft body and function
as a powerful device for buoyancy regulation (i.e., hydrodynamic and hydrostatic
organs, see below). In the majority of extant cephalopods, the Coleoidea (vampy-
ropods and decabranchians), the shell has been mostly internalized, significantly
reduced or entirely disappeared (Kröger et al. 2011). The primary external shell
has been fully retained only in the comparatively rare genera Nautilus Linnaeus,
1758 and Allonautilus Ward & Saunders, 1997 (Nautiloidea; Strenzel 1964, K59–
K93) and has thus been crucial to the understanding of the morphology, devel-
opment and function of the shells of extinct cephalopods.
Herein, the terminology of the shells of fossil cephalopods largely follows Te-
ichert (1964a, K13–K59); the terms used to describe coiled shells follow those of
Korn (2010) and terms related to sculpture and internal structures are adopted
from Kröger (2008). It is important to note that the conventionally used orienta-
tion of cephalopod shells (particularly the usage of terms “dorsal” and “ventral”)
does not correspond to the biological orientation (see Flower 1939; Teichert 1964a,
K15; Mutvei 1957, 1964; Fig. 1 herein). However, the conventional orientation
is used widely throughout the published literature and is thus followed in this
thesis, as well.
Figure 1: Comparison of “conventional” (A) and “biological” (B) orientation of
orthoconic and coiled cephalopod shells. After Teichert (1964a, K20).
2.2 Internal structure of the shell
The shell (conch) consists of two parts. The posterior part is termed the phrag-
mocone (Fig. 2); it is divided by bowl-shaped septa into phragmocone chambers
5
(camerae). The adoral part of the shell is termed the living chamber (body cham-
ber; Fig. 2) and this is where most of the soft tissues of the animal are located
and attached to the interior side of the shell wall with muscles.
The septa have a free part, which separates individual chambers and is di-
rected with its convex surface adapically, and their mural part, which is attached
to the interior part of the shell wall. On the internal mould, the place of the
attachment of septa is marked by a line called the suture. The sutures are either
directly transverse to the longitudinal axis of the shell and straight in shape,
or they may be oblique and sinuous in shape (with lobes and saddles). The
septa are perforated by the septal foramen (septal perforation). The margins of
the septal foramen are inflexed backwards (apically) and form the septal necks.
Structurally modified continuations of the septal necks, that connect two succes-
sive septal necks, are called the connecting rings. Septal necks and connecting
rings are collectively termed the ectosiphuncle and enclose the fleshy extension of
the animal’s body, the siphuncular cord. The ectosiphuncle and the siphuncular
cord together form the siphuncle.
The most important characteristics of the siphuncle are as follows: its position
respective to the longitudinal axis of the shell, its diameter, type of the septal
necks and type of the connecting rings. The position of the siphuncle can vary
between perfectly central to marginal, when the siphuncle is in direct contact
with the shell wall. Variable is also the diameter of the siphuncle. There are
cephalopods with very narrow, as well as very wide siphuncles, the latter can
take up to 1/2 of the corresponding diameter of the shell. The different types
of septal necks are distinguished based on their length and degree of deflection
(Fig. 3). Terms such as achoanitic, orthochoanitic, loxochoanitic, cyrtochoanitic,
holochoanitic or macrochoanitic are used. The connecting rings are distinguished
based on their shape (tubular/cylindric or expanded) and thickness (thin or
thickened). Orthochoanitic septal necks are often linked with tubular or nearly
tubular connecting rings (Fig. 3B,C, F, G), while cyrtochoanitic septal necks are
typically accompanied with expanded or very thick connecting rings (Fig. 3A, D,
E, H).
Mutvei (1997; 1998; 2002a, b; 2013; 2015) studied the ultrastructure of the
siphuncle in various cephalopods and identified two basic types of the connecting
rings: the Nautilus-type and the calcified-perforate type. In the former type,
the connecting rings consist of two layers, the outer spherulitic-prismatic layer
(a continuation of the same layer of the septal neck), and a fibrous, glycoprotein
(conchiolin) layer, the latter is an uncalcified continuation of the nacreous layer
of the septal neck. By contrast, in the latter type of the connecting rings, the
inner layer is not organic but calcified and perforated with pores.
Siphuncle and/or phragmocone chambers may be infilled with carbonatic
matter (endosiphuncular and cameral deposits; Fig. 3B, G) that is gradually
secreted by the animal during its life in order to stabilize and maintain the
appropriate orientation of the shell in the water column (see also Teichert 1964a;
Fischer & Teichert 1969 and Turek & Manda 2012). Cameral deposits start to be
formed in apicalmost chambers (mainly on their ventral side) and their formation
continues adorally. Thus, the deposits are always ontogenetically younger than
the respective phragmocone chamber and never present in adoralmost portions of
phragmocones and in living chambers (Flower 1955; Fischer & Teichert 1969). In
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some groups, the cameral deposits may grow into the siphuncle through the intact
connecting ring (Mutvei 1957; Fischer in Fischer & Teichert 1969; Dzik 1984), in
others the connecting ring may be ruptured or partially/fully resorbed (Flower
1939, 1941, 1955, 1964; Teichert 1964a; Holland 1965; Teichert in Fischer &
Teichert 1969; Histon 1993; Kolebaba 1999a, b, 2002; Turek & Manda 2012) and
the deposits cover the septal necks and form the so-called epichoanitic deposits
(Kröger 2008).
Figure 2: A schematic drawing of the structure of an orthoconic cephalopod shell
and its main morphological characters. Modified after Teichert (1964a, K14).
The position of cameral deposits within chambers is described using terms like
hyposeptal (located on the convex side of the septum), episeptal (concave side of
the septum) and mural (on the mural part of the septum). For endosiphuncular
deposits, different terms are used to describe their shape, form and location
within the siphuncle. Diaphragms (transverse elements), lamellae (longitudinal
elements), endocones (transversely oriented conical elements), central cylindrical
tube, parietal (covering siphuncular side of connecting rings) and annulosiphonate
deposits (covering siphuncular side of septal necks) are distinguished.
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Figure 3: Photographs and drawings showing different types of internal struc-
tures in some cephalopods. A, E – the actinocerid Orthonybyoceras Shimizu
& Obata, 1935 with cyrtochoanitic, recumbent septal necks, thin, strongly ex-
panded connecting rings and heavy annulosiphonate deposits, TUG 1307-1; B, G
– the lituitid Lituites Bertrand, 1763 with moderately short, orthochoanitic septal
necks, tubular connecting rings and heavy cameral deposits, note the impaired
connectings rings in some chambers, GIT 146-8 from the Väo Formation, Middle
Ordovician, Estonia, Gennadi Baranov (Tallinn University of Technology); C, F –
the orthocerid Ordogeisonoceras Frey, 1995 with short, slightly suborthochoanitic
septal necks, slightly expanded connecting rings and small annulosiphonate de-
posits, TUG 939-10; D, H – the discosorid Hemibeloitoceras Balashov, 1962 with
short, cyrtochoanitic septal necks with free brims and strongly expanded con-
necting rings, TUG 1612-12. A, C, D–F, H – specimens from the Vasalemma
Formation, Upper Ordovician, Estonia (Kröger & Aubrechtová 2018 – Appendix
3).
The living chamber opens adorally with the aperture (Fig. 2 herein). The
very edge of the aperture is the peristome, which is ventrally indented forming
the hyponomic sinus. The peristome may be either simple or have additional
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indentations and other modifications, the latter case is termed modified or con-
tracted aperture. Retractor muscles are attached to the inner side of the living
chamber leaving muscle scars (impressions, imprints) that can be seen on inter-
nal moulds at the base of the living chamber. The retractor muscle scars are
either dorsomyarian, ventromyarian or pleuromyarian according to their shape
and position (Mutvei 1957, 2002b; Sweet 1959).
2.3 External form of the shell and ornamentation
The shell is a conical object, in which the maximum and the minimum diameter
is measured and which expands under a certain angle of expansion (expansion
rate, apical angle). The transverse cross section of the shell may be circular,
subcircular, laterally compressed or dorsoventrally depressed in shape, depending
on the ratio between the lateral and dorsoventral diameter of the shell.
Longitudinally, the shell can have many different shapes and forms (Fig. 4).
Completely straight shells are called orthocones (adjective orthoconic), while
more or less curved shells are cyrtocones (adjective cyrtoconic). A longicone
(adjective longiconic) is a slowly expanding shell, typically with an open or only
slightly modified mature aperture. By contrast, brevicones (adjective breviconic)
have a swollen, rapidly expanding shell, often with a restricted, modified aperture
upon maturity.
When the shell curvature reaches at least 360°(this forms a whorl), then
the shell is coiled. A gyrocone is loosely coiled, i.e., individual whorls are not in
touch. In tightly coiled shells, the whorls touch each other and several terms may
be used to express the degree of coiling and general shape (e.g., serpenticone,
tarphycone, ellipticone, sphaerocone, nautilicone, oxycone, platycone). A special
case is a lituiticone, in which the last whorl diverges from the preceding one and
the shell becomes straight at the end.
In coiled shells, the umbilicus is developed in the center (Fig. 4); the umbilicus
may be open (perforated) or closed.
The terms endogastric and exogastric are used for curved or coiled shells to
express the position of the ventral side of the shell on either the inner or the outer
side of the curvature/whorl respective to its longitudinal axis.
In tightly coiled shells, where the whorls are in contact with each other, several
terms are used to expressed the degree of whorl impression. Evolute shells have
whorls, that are weakly impressed or not impressed at all. In convolute shells,
the whorls are moderately impressed. In involute shells, the whorls are strongly
impressed and the last whorl envelopes and covers preceding whorls.
In many cephalopod taxa, the shell surface is elaborately sculptured (orna-
mented). The sculpture (ornamentation) is either directly transverse, oblique or
longitudinal with respect to the longitudinal axis of the shell. Elements of sculp-
ture include: striae (faint, simple, parallel grooves); lirae (raised lines); ridges
(local thickenings of the shell); annuli (transverse elevations); ribs (costae; pro-
nounced transverse or obliquely running elevations); and more rarely nodes and
spines. Undulations originate, when the shell wall itself is transversely sinuous
(undulated); unlike annuli, undulations are visible on internal moulds. When no
ornament or only the growth lines are present on the shell surface, then the shell
is termed smooth. The growth lines are generally straight and directly transverse
to the longitudinal axis of the shell, forming only the so-called hyponomic sinus
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on their ventral side.
The apicalmost part of the phragmocone, which developed earliest in the
ontogeny, still in the egg, is called the embryonic shell. The first phragmocone
chamber formed is the initial chamber (initial camera, first camera, apical camera;
Fig. 2). The initial chamber includes the initial segment of the siphuncle called
the caecum. A furrow (an elongated structure or an initial plate; Mutvei et
al. 1993; Arnold et al. 2010) on the exterior of the initial chamber seen in
some groups of cephalopods is called a cicatrix. The size, shape, presence or
absence of constriction between the initial and second chamber and the presence
or absence of cicatrix are important features used in higher-level systematics and
paleoecological interpretations in cephalopods (see Kröger 2006; Kröger & Isakar
2006; Manda & Frýda 2010 and references therein).
Figure 4: Distinction of cephalopod shells based on their shapes and modes of
coiling. After Teichert (1964a, K21).
2.4 Morphology and mode of life
Within the aquatic environment, the cephalopod, regardless of whether it has an
external, internal or reduced shell, has to cope with three main forces: the ambient
(hydrostatic) pressure that is exerted by the water column; buoyancy, which
has an upward direction and originates from the presence of low-density gas-
filled phragmocone chambers with the shell; and gravity, which has a downward
direction and is exerted through the weight of the living chamber with the soft
body and cameral/endosiphuncular deposits within the phragmocone (if these are
present).
The assumption is such that cephalopods, whether fossil or extant, have been
able to remain neutrally buoyant (e.g., Packard 1972; Denton 1974; Nesis 1987),
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which means that the overall density of the animal equals that of the surrounding
environment. The animal maintained at a certain depth and does not need to
actively (hydrodynamically) lift itself up (Westermann 1998).
Already in the Early Paleozoic, cephalopods have developed a variety of shell
designs that permitted them to inhabit many marine environments (shallow to
deep) and use a wide range of life strategies. Each environment and life strategy
requires a different set of characters to control buoyancy and provide a sufficient
degree of strength towards hydrostatic pressure. Numerous works that studied
the link between morphology and mode of life have been published, namely those
of Ward (1982), Westermann (1998) and Kröger (2003). Recent studies of Kröger
& Zhang (2009) and Kröger et al. (2009b) summarized sedimentological and other
data that provide additional information on the environments and life habits of
extinct cephalopods.
Westermann (1998) described and illustrated the basic morphotypes in the
Cephalopoda and evaluated in each morphotype its maximum habitat depth (vs.
shell implosion depth; Fig. 5), orientation of the shell during life and the degree
of mobility. The morphotypes are the following:
• Orthocones
– Orthoconic longicones: slender, thin shells with a simple, open aper-
ture, circular transverse cross-section, tubular, usually central siphun-
cles and lacking extensive cameral and/or endosiphuncular deposits.
Orientation during life vertical or slightly inclined. Planktonic, possi-
bly vertical migrants that were able to descent into greater depths.
– Curved longicones: often compressed, thin shells. Orientation during
life inclined. demerzal, slow, forward swimmers.
– Large orthocones: heavy cameral and/or endosiphuncular deposits,
cross-section often depressed, siphuncle wide, often submarginal or
marginal in position. Orientation during life horizontal, capable of
forward swimming in moderately high speed. Backward swimming
interpreted by the Westermann (1998) as uncontrolled and used for
escape. This group included active predators some of which were re-
stricted to shallow-water environments (order Actinocerida) but others
capable of descending to greater depths and pelagic environments (or-
der Endocerida).
– Cyrtocones: strongly curved shells without cameral and/or endosi-
phuncular deposits.
Orientation during life inclined. Movement slow, downwards or to the
sides but not easily upward. Benthic predators.
• Brevicones: straight or curved shells with a modified, restricted aperture,
the shell strong towards turbulences. demerzal predators limited to shallow
seas.
• Gyrocones: slowly swimming, restricted to shallow-waters, planktonic or
demerzal, able to move in all directions.
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• Torticones: helically coiled shells without cameral/endosiphuncular
deposits. Orientation during life vertical. The shell compact and strong,
motion vertical, some possibly planktic.
• Tightly coiled shells: shells generally more compact, more stable and
stronger towards hydrostatic pressure and serve as a good defence against
predators.
– The animals were good horizontal swimmers, when the apical angle
was high, when the whorls were compressed and impressed and when
the outer side of the shell was sharp in shape. The coiled shell was more
stable, when the living chamber was shorter. The compressed shells are
however more vulnerable towards ambient pressure and thus, various
types of supporting structures and complex sutures are developed in
many taxa.
– In extant Nautilus, the aperture is oriented obliquely downwards and
the animal has a “rocking motion”, a similar type of motion may be
assumed for extinct cephalopods with similar morphology, as well.
– Some coiled shells are ventrally flattened. It is assumed, that such
animals commonly rested on the sea floor and thus were restricted to
shallow-water environments.
Figure 5: Maximum habitat depth and shell implosion depth estimated for the
basic morphotypes of the Cephalopoda. After Westermann (1998).
2.5 Significant groups of the Cephalopoda
during the Ordovician
The most important works dealing with the higher-level taxonomy of the class
Cephalopoda and summarizing previous literature are those of Flower & Kummel
(1950), Moore (1957, 1964) and Ruzhencev (1962).
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In the Treatise of Invertebrate Paleontology (Moore 1957, 1964), the class
Cephalopoda was divided into five subclasses: Endoceratoidea (orders Endocerida
and Intejocerida), Actinoceratoidea (order Actinocerida), Nautiloidea (eight or-
ders Ascocerida, Barrandeocerida, Discosorida, Ellesmerocerida, Nautilida, On-
cocerida, Orthocerida and Tarphycerida), Bactritoidea (order Bactritida) and
Ammonoidea (see Moore 1957). The above scheme has remained relatively un-
changed until the present (see summary in Evans 2005 and Shevyrev 2006a, b).
Mutvei (1957, 1997, 2002a, b), Doguzhaeva & Mutvei (1993) and Mutvei & Dunca
(2011) studied the retractor muscle attachments and internal structure of the si-
phuncle across the Cephalopoda and Mutvei (2013, 2015) created several order-
and higher-level taxa on that basis. In his comprehensive study, Dzik (1984)
proposed some changes on the ordinal level within the subclass Nautiloidea; the
author for example included the Lituitida and Actinocerida under the Orthocerida
(see also Mutvei 2002a, b) and the Barrandeocerida under the Tarphycerida (see
also Flower 1984). Zhuravleva (1994) created the superorder Orthoceratoidea
and included into it the Orthocerida, Pseudorthocerida and the newly defined
Dissidocerida. Engeser (1996) studied the position of the Ammonoidea within
the Cephalopoda and distinguished two groups within the class, Nautiloidea and
Angusteradulata, based on the morphology of their radula, type of early ontogeny
and other characters. Evans (2005) disregarded Endoceratoidea and Actinocer-
atoidea but accepted the use of Orthoceratoidea and the order Dissidocerida.
Evans & King (2012) suggested the polyphyly of the Endocerida and separated
from it the new order Bissonocerida. Kröger & Mapes (2007) proposed that the
order Actinocerida is a sister group to the Pseudorthocerida (see also below). A
synopsis and discussion of other publications dealing with the above issues has
been provided by Shevyrev (2006a,b).
As seen above, the high-rank taxonomy of the Cephalopoda is a complex issue,
which is still far from being fully solved. There are some problematic taxa, such
as orders Ascocerida, Barrandeocerida, Lituitida, Pseudorthocerida or the genera
Isorthoceras Flower, 1962a and Sphooceras Flower, 1962b, in which their affinities
and/or internal taxonomy has not yet been satisfactorily resolved. In this thesis,
the taxonomy is generally based on the scheme of the Treatise of Invertebrate
Paleontology (Moore 1964) and the more recent work of Evans (2005).
2.6 Order Ellesmerocerida
(Subclass Nautiloidea Agassiz, 1847)
Stratigraphically earliest (Late Cambrian) cephalopods belong to four high-level
taxa (orders): Ellesmerocerida Flower in Flower & Kummel, 1950 (emended by
Kröger & Mutvei 2005), Plectronocerida Chen & Teichert 1983, Protactinocerida,
Chen et al. 1979 and Yanhericerida Chen et al. 1979. Only the Ellesmerocerida
crossed the Cambrian/Ordovician boundary. Ellesmerocerids have small, variably
shaped shells with short phragmocone chambers, marginal siphuncles with con-
necting rings that protrude into the siphuncle, and multiple-paired muscle scars
(Kröger & Mutvei 2005; Kröger et al. 2011). Late Cambrian ellesmerocerids
were restricted to shallow carbonate platforms of low latitude regions (Kröger &
Zhang 2009; Kröger 2013a) but during the Ordovician, the group expanded also
to deep-water, distal environments of high-latitudes (Kröger et al. 2009b).
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Ellesmerocerids are considered to be ancestors of all later (Ordovician)
cephalopod groups (Flower 1988; Engeser 1996; Kröger 2007). Most dominant
of these were the following orders: Actinocerida Teichert, 1933; Endocerida
Hyatt, 1900 (emended by Evans & King 2012 but cf. Kröger 2012); Discosorida
Flower in Flower & Kummel, 1950; Lituitida Starobogatov, 1983; Oncocerida
Flower in Flower & Kummel, 1950; Orthocerida Kuhn, 1940 and Tarphyc-
erida Flower in Flower & Kummel, 1950. The above orders are briefly charac-
terized in the following paragraphs.
2.7 Order Actinocerida
(Subclass Orthoceratoidea McCoy, 1844)
Actinocerids are medium-sized to large orthocones, often ventrally flattened, with
wide siphuncles, cyrtochoanitic septal necks, thin but strongly expanded connect-
ing rings (of the calcified-perforate type), heavy cameral and endosiphuncular de-
posits and large initial chambers (e.g., Schindewolf 1944; Zhuravleva & Balashov
1981). The actinocerid siphuncle is unique in that it consists of a system of canals
(the central canal and multiple radial canals; Teichert 1933, 1964b; Flower 1957;
but cf. Mutvei 1996) that permitted rapid changes in buoyancy. Actinocerids
were fast, horizontally swimming demerzal predators. They were, however, lim-
ited to shallow depths because they had thin connecting rings and thin septa
(Westermann 1998). This limitation is expressed also in that they largely occur
in shallow platform sediments and reefal environments (Kröger 2013a).
Actinocerids originated in the Early Ordovician and persisted until the Late
Carboniferous (Teichert 1988; Kröger & Mapes 2007).
2.8 Order Endocerida
(Subclass Nautiloidea Agassiz, 1847)
Endocerids are orthocones or cyrtoconic brevicones that may often reach consid-
erable sizes (Teichert & Kummel 1960; Sweet et al. 1964, K108; Holland 1987).
They have large, marginally positioned siphuncles with heavy endosiphuncular
deposits (endocones) and very long septal necks. During life, endocerids were
oriented horizontally. They were fast, forward swimming predators, as noted by,
e.g., Flower (1964), Frey (1989) and Westermann (1998). Early endocerids lived
demerzally in shallow, tropical epeiric seas but later forms were also nectonic and
able to descent into moderately deep waters (Westermann 1998; Kröger & Zhang
2009).
Endocerids have been abundant especially during the Early and Middle Or-
dovician (Kröger & Zhang 2009) and became extinct in the Early Silurian (Evans
& Holland 1995; Evans & King 2012; Evans et al. 2015).
2.9 Orders Discosorida and Oncocerida
(Subclass Nautiloidea Agassiz, 1847)
Discosorids and oncocerids are two cephalopod groups that superficially resemble
each other, especially with regards to the shell shape, size and also the presence
of characteristic muscle-scars imprints that consist of paired “pits” across the
circumference (Mutvei 1964; Kröger & Mutvei 2005). Discosorids and oncocerids
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also shared common life-style and occupied similar environments (see below). In
the following paragraphs, the main morphological features of each of the two
groups are summarized. Exceptions to the morphological characteristics occur,
however, making the systematic distinction of discosorids and oncocerids difficult
in some cases (see references in Kröger et al. 2009a).
Discosorids have small, endogastrically curved shells (Kröger et al. 2009a)
with large siphuncles, thick, expanded connecting rings and endosiphuncular de-
posits. Septal necks are cyrtochoanitic. The septa are thin and closely spaced.
Ordovician discosorids generally had open apertures but stratigraphically younger
representatives often developed highly modified, specialized apertures upon adul-
tery (Manda 2008a). The shell orientation during life was inclined, subverti-
cal, with downwards facing aperture, which facilitated bottom-feeding. The dis-
cosorids were sluggish horizontal and/or vertical swimmers, although some may
have been more active (Westermann 1998).
Oncocerids, by contrast, were predominantly exogastric (Kröger et al. 2009a).
They originally had cyrtoconic shells but later forms developed a wide range
of other shell shapes, from orthoconic to torticonic (Westermann 1998; Kröger
2003). Connecting rings are tubular but may also be slightly and even strongly
expanded; septal necks are orthochoanitic or cyrtochoanitic. Endosiphuncular
and cameral deposits are lacking in many forms but may be present in others (e.g.,
Teichert 1964a, K40). Septal spacing is narrow, septa are moderately thin. As in
discosorids, highly modified apertures developed in many, especially Silurian and
Devonian, taxa (e.g., Manda & Turek 2011). The shell orientation in oncocerids
was probably vertical to subvertical. They were sluggish, demerzal bottom-feeders
with limited horizontal and vertical swimming (Westermann 1998).
Discosorids and oncocerids were abundant especially in the low-latitude re-
gions in shallow depths, often associated with reef environments. They originated
in the Early Ordovician (e.g., Chen 1987; Kröger et al. 2009a) and diversified
mainly during the Middle and Late Ordovician (Kröger & Zhang 2009). Both
groups persisted and are well-represented in the Silurian and Devonian rocks
(e.g., Zhuravleva 1972; Manda & Turek 2011), where some representatives reach
relatively large sizes (e.g., the discosorid Phragmoceras, see Manda 2008a). The
Discosorida became extinct by the end of the Devonian, the Oncocerida persisted
until the early Carboniferous (Teichert 1988).
2.10 Order Lituitida
(Subclass Orthoceratoidea McCoy, 1844)
The lituitids have an initially coiled shell, which, however, rapidly uncoils early
in ontogeny and the shell subsequently becomes straight (orthoconic). The shell
is ornamented with sinuous annuli and/or lirae and the late ontogenetic growth
stage has a modified aperture (see Furnish & Glenister 1964b). Thick episeptal
and hyposeptal cameral deposits are present. Muscle scars are dorsomyarian.
The siphuncle is subdorsal to central, with relatively long orthochoanitic septal
necks and tubular connecting rings of the calcified-perforate type.
The lituitids were most diverse during the Middle Ordovician but were com-
mon up to the Late Ordovician (the assignment of some Silurian and Devonian
taxa to the Lituitida as proposed by Dzik 1984 and Kröger 2008 are controversial,
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see, e.g., Turek & Manda 2012). The lituitids are interpreted as passive, vertical
migrants (Mutvei 2002a; Kröger 2013a; Kröger & Zhang 2009), typically of low-
latitudes and open-water environments (Kröger et al. 2009b). The possession of
small spherical initial chambers without a cicatrix indicates a pelagic life-style of
the larvae (Shimansky & Zhuravleva 1961; Kröger & Zhang 2009; Kröger et al.
2009b; Mutvei 2002a; Manda & Frýda 2010).
2.11 Order Orthocerida
(Subclass Orthoceratoidea McCoy, 1844)
Orthocerids are slender orthocones or cyrtocones with high phragmocone cham-
bers and narrow central or subcentral siphuncles. Septal necks are typically ortho-
choanitic with thin, tubular or only slightly expanded connecting rings. Cameral
deposits are usually not present but in some taxa may be well-developed. En-
dosiphuncular deposits are absent or strongly suppressed. The orthocerids have
a small to medium-sized, spherical or sub-spherical initial chamber invariably
without a cicatrix. Muscle scars are small, dorsomyarian.
The orthocerids first appeared in the Early Ordovician (Kröger & Evans 2011)
and expanded during the Ordovician from their original pelagic habitats in the
high-latitude regions to the low latitudes and shallow-water environments. They
became the most abundant cephalopod group in the Silurian, and the Early Devo-
nian (Kröger & Zhang 2009), when the bactritids, the stem-group for coleoids and
ammonoids, diverged from them (Schindewolf 1932; Erben 1964; De Baets et al.
2012a, b; Korn & Klug 2003; Kröger and Mapes 2007). Orthocerids were among
the few ancient Paleozoic cephalopod groups that survived the Permian/Triassic
crisis and extinction. Stratigraphically latest orthocerids were reported from the
Lower Cretaceous strata of Caucasus (Zhuravleva 1994). A questionable ortho-
cerid was reported also from the Early Eocene strata of Antarctica (Doguzhaeva
et al. 2017); it is, however, recently re-interpreted to represent a parallel lineage
of the Coleoidea (Paracoleoidea) or, alternatively, a representative of the order
Teuthida (Coleoidea; Fuchs et al. 2018).
Together with the aforementioned order Lituitida, the orthocerids were the
first cephalopods that colonized and utilized the pelagic, off-shore environments
(see discussion and summary in Kröger & Zhang 2009, Kröger et al. 2009a and
Kröger 2013). Just like the lituitids, the orthocerids are interpreted as vertical
migrants that passively drifted with oceanic currents and that had pelagic larvae
(e.g., Mutvei 2002; Kröger & Zhang 2009; Kröger et al. 2009a; Kröger 2013).
The order Orthocerida originally contained two families, the Orthoceratidae
and the Pseudorthoceratidae (see Sweet 1964). Cephalopods included in the
latter family deviated significantly in morphology from the above described char-
acteristics, which led some authors to challenge the monophyly of the Orthocerida
(Ristedt 1968; Barskov 1963, 1968, 1972; Engeser 1996). Barskov (1963) erected
a separate order Pseudorthocerida (see also Flower 1964; Zhuravleva 1994; Evans
2005; Kröger 2006 and Kröger & Mapes 2007). Main arguments for extracting the
pseudorthocerids included the different morphology of the embryonic shell, the
presence of cameral and endosiphuncular deposits and differences in the type of
connecting rings and septal necks. Kröger &Mapes (2007) considered pseudortho-
cerids to be a sister group to the order Actinocerida. However, the distinction of
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the pseudorthocerids and orthocerids is sometimes not straightforward and many
taxa exist (e.g., Isorthoceras), that combine characters of both groups. Thus,
some studies do not distinguish between the pseudorthocerids and orthocerids
(e.g., Kröger & Aubrechtová 2018 – Appendix 3) and some different concepts
have been offered (Dzik 1984; Mutvei 2002a, 2016).
2.12 Order Tarphycerida
(Subclass Nautiloidea Agassiz, 1847)
Tarphycerids possessed coiled, planispiral shells, often elaborately ornamented,
with thin septa, narrow to moderately wide siphuncles with thin to thickened
organic connecting rings (Nautilus type) and ventrally or ventro-laterally posi-
tioned muscle scars (Mutvei & Dunca 2011 and Kröger & Mutvei 2005); the shells
lack extensive cameral and endosiphuncular deposits.
The tarphycerids were active forward swimmers, probably demerzal but some
of them were also nektonic and/or planktic, at least in some growth stages (see
Manda & Turek 2018 and references therein). The group mostly inhabited low-
latitude, shallow-water epeiric seas (Flower 1957; Westermann 1998). Tarphyc-
erids range from the Early Ordovician up to the Late Silurian (Manda & Turek
2018).
The presence of the coiled shell has led some researchers to include the
above discussed Lituitida and another Early Paleozoic order, the Barrandeocerida
Flower in Flower & Kummel, 1950, among the tarphycerids (see Furnish, W.M.
& Glenister 1964b). In lituitids, however, the shell becomes straight in ontogeny
and possesses thick cameral deposits. The connecting rings structure (calcified-
perforate type), type of muscle scars (dorsomyarian) (see, e.g., Mutvei 2002a) and
the morphology of the initial chamber (small, without a cicatrix) are also different
(Kröger 2006). The affinities of the Barrandeocerida are still not clear but some
reportedly differ from tarphycerids in the structure of the connecting rings (they
are of the calcified-perforate type; see Mutvei & Dunca 2011). In addition, the
barrandeocerid family Lechritrochoceratidae Flower in Flower & Kummel, 1950
differs from the Tarphycerida in the shell ornamentation, presence of a loosely
coiled, slender juvenile growth stage and in the structure of the siphuncle. Dzik
& Korn (1992) thus assumed that the lechritrochoceratids have phylogenetic re-
lationships with the barrandeocerid family Uranoceratidae rather than with the
Tarphycerida.
2.13 Order Ascocerida
(Subclass Nautiloidea Agassiz, 1847)
Of interest herein is the rare but morphologically unique order Ascocerida Kuhn,
1949. Early in ontogeny, ascocerids have a cyrtoconic shell with a tubular, ven-
trally shifted siphuncle. The juvenile shell, however, gets periodically truncated
as it grows (Barrande 1855, 1877; Furnish & Glenister 1964a) and an inflated
(ephebic) shell is then developed. In the ephebic shell, phragmocone chambers
are separated by thin sigmoidal septa and located above the living chamber. The
truncation accompanied with changes in shell shape and internal arrangement
during life led to a gradual change in the orientation of the living animal from
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nearly vertical/inclined to horizontal (Kröger et al. 2011). The structure and
function of the ephebic shell is often compared to the cuttlebone of the unre-
lated, extant genus Sepia (Flower 1941; Kröger 2007; Kröger et al. 2011).
The ascocerid fossil record ranges from the Middle Ordovician (Flower 1941)
up to the Late Silurian (Barrande 1877). Ascocerids are almost exclusively known
from low- or mid-latitude regions (see references in Aubrechtová & Meidla 2016 –
Appendix 2), they are extremely rare in high-latitudes (Cichowolski et al. 201X,
in press).
2.14 Development and paleoecology of cephalopod faunas
during the Ordovician
The stratigraphically oldest, undoubted cephalopod is the small cyrtocone Plec-
tronoceras cambria (Walcott, 1905) from the middle Late Cambrian Fenghsan
Formation of North China that developed in a shallow, tropical, epicratonic sea
(see Landing & Kröger 2009; Kröger 2007; Mutvei et al. 2007; Kröger et al. 2011;
Kröger 2013a and Klug et al. 2015 and references therein).
In the latest Cambrian, the early cephalopods diversified rapidly (Teichert
1988). Their morphological disparity increased and they expanded their habitats
from the original very shallow-water and reef-related environments (Flower 1957;
Chen & Teichert 1983) to the sublitoral (Chen & Qi 1982; Zou 1987). The
group spread widely across South China (e.g., Li 1983; Xu & Lai 1983) and
appeared even as far as Laurentia (Landing & Kröger 2009) and Gondwana (West
Antarctica, Webers et al. 1992). The Cambrian cephalopods are not known from
mid-/high latitudes and from outside the neritic environments (Kröger et al.
2009b; Kröger 2013a).
During the Ordovician, the cephalopods experience of what is one of the most
spectacular radiations of the whole Phanerozoic. The cephalopods diversified
strongly, spread from their original tropical, neritic environments to the high
latitudes and inhabited the pelagic habitats and the deep ocean. They reached
global occurrence in almost all marine environments and paleogeographic areas.
The size of their shells and bodies increased. Newly developed shell designs al-
lowed for a better balance between buoyancy control, resilience against ambient
pressure, stability and motility. The cephalopods became the largest predators of
the Ordovician oceans, although some also developed microphagous and plank-
totrophic life-styles (Westermann 1998; Kröger et al. 2009b; Manda & Frýda
2010).
The diversity of cephalopods peaked three times during the Ordovician. Each
peak was preceded by a diversity crisis and followed by a faunal change. Dis-
cussing the possible drivers of these cephalopod diversifications, Kröger & Zhang
(2009) observed that the diversification events do not correlate with major Ordovi-
cian physical events but better correspond to the changes in benthic assemblages
and development of reef ecosystems. This indicates, that the causes for the rapid
cephalopod diversification were biotic, rather than abiotic. From a more general
point of view, cephalopod development during the Ordovician can be seen as a
part of the Great Ordovician Biodiversification Event (GOBE; see Webby et al.
2004; Servais et al. 2008a, 2010 and Servais & Harper 2018). The GOBE is a
collection of many separate diversification events in individual fossil groups that
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in the end led to a significant increase of diversity at all taxonomic levels and a
higher ecological complexity including more complex and stable trophic chains,
greater tiering, expansion of plankton, origination of planktotrophy and a greater
occupation of the free water column and distant, off-shore environments. The Pa-
leozoic Evolutionary Fauna of Sepkoski (1978, 1979, 1981, 1984) was established
during the time period. The GOBE is together with the Cambrian Explosion and
the Devonian Nekton Revolution seen by some researchers as a single, large-scale
diversification, the so-called Early Paleozoic Radiation (Servais et al. 2010).
During the mid-Tremadocian, the cephalopods diversified for the first time
in the Ordovician. Endocerids started to dominate in many epeiric, low-latitude
carbonate platforms (as documented by the so-called “cephalopod facies”; Kröger
& Landing 2008) and were accompanied there by tarphycerids and some ellesme-
rocerids. Earliest cephalopods appear in pelagic, deep water environments of the
high-latitudes, as well (Kröger 2008; Flower 1968; Cichowolski & Vaccari 2011;
Evans et al. 2013), among them were stratigraphically earliest representatives of
the Orthocerida (Kröger & Evans 2011), orthoconic ellesmerocerids and some en-
docerids that expanded their habitats from the tropical platforms. Cephalopods
with coiled or breviconic shells and actinocerids were extremely rare or completely
missing in the high-latitude pelagic regions (Kröger et al. 2009b).
During the Floian, the diversification of cephalopods in the tropical platforms
continued and the expansion of especially orthocerids into pelagic environments
progressed. The late Floian–early Dapingian was a time interval of a signifi-
cant faunal change (Kröger & Zhang 2009). The diversity was reduced, espe-
cially in the Endocerida, Ellesmerocerida and Tarphycerida. By contrast, groups
with a more active buoyancy regulation (Actinocerida, Discosorida) and those
that were able to utilize open-water habitats (Orthocerida, Lituitida) flourished.
Discosorida and Oncocerida radiated rapidly in low-latitude shallow-water and
reef environments (Stridsberg 1985; Watkins 1991; Kröger 2007). Kröger et al.
(2009b) and Kröger & Zhang (2009) interpreted discosorids and oncocerids as
“ecological successors of the Ellesmerocerida”. Kröger & Zhang (2009) implied
that the causes behind the changes in cephalopod faunas in the late Floian – early
Dapingian time interval were linked with changes in the benthic assemblages re-
ported for trilobites, brachiopods, gastropods and the onset of the diversification
of ostracods.
During the Darriwilian, extinction rates were generally low in cephalopods
and this is thus a time interval of further diversification. Kröger & Zhang (2009)
interpreted this as a consequence of stable food webs established in the open
sea, higher competition within the benthos and an overall high complexity and
resilience of ecosystems.
In distant environments and in high-latitudes, cephalopod assemblages were
already well-established and widespread in the Darriwilian (e.g., Marek 1999;
Evans 2005; Evans et al. 2013). Orthocerids, lituitids, orthoconic endocerids
and cyrtocerinids (order Cyrtocerinida, e.g., genus Bathmoceras) dominated the
cephalopod faunas. In the shallow-water environments and in low-latitudes, or-
thocerids and lituitids were also abundant (Kröger 2004) but the dominant groups
there were actinocerids and/or endocerids (Kröger 2013b; Kröger & Rasmussen
2014; Fang et al. 2018) followed by tarphycerids, discosorids and oncocerids
(Kröger et al. 2009b).
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During the Late Ordovician (late Sandbian–early Katian) the cephalopod
diversity reached its absolute Ordovician peak (Kröger & Zhang 2009; Kröger
2013a). Cephalopod faunas were dominated by actinocerids, pseudorthocerids,
discosorids and oncocerids. Orthocerids diversified and further invaded the low-
latitude and shallow-water regions. Ellesmerocerida and Lituitida experienced
their final decline, Endocerida were significantly reduced. Ascocerida spread in
the low-latitude Laurentia (Flower 1963) and Baltica (Kröger 2007, 2013b).
The end-Ordovician extinction, that is ranked among the five most severe
extinctions in the whole Phanerozoic (Harper et al. 2014), affected mainly those
cephalopods that had highly-specialized shells (Teichert 1988), like endocerids,
actinocerids, discosorids and ascocerids. On the other hand, the straight-shelled





(central Bohemia, Czech Republic)
The Prague Basin is a tectonically predisposed, linear sedimentary depression
possessing the deepest part and the maximum thickness of infilling along its
central axis (Havlíček 1981, 1982). The present denudation relict of the Basin
is located between cities Brandýs nad Labem, Praha and Plzeň (Fig. 6) and
reaches a maximum width of c. 25 km. According to Havlíček (1981), the sea
must have flooded areas far beyond the extent of the present relict, at least in
some time periods. Marginal segments of the Prague Basin are preserved only
rarely (Havlíček 1998).
Figure 6: The position of Ordovician rocks of the Prague Basin within the Bo-
hemian Massif. Modified after Manda (2008).
The infilling of the Prague Basin rests with an angular unconformity on either
the deformed Late Proterozoic (Cadomian) or undeformed Cambrian basement
(Havlíček 1998; Kachlík 2003). The succession consists of clastic and carbonate
sedimentary rocks, ferrolites and volcanic rocks that developed without a signif-
icant interruption from the Early Ordovician up to the Middle Devonian. The
sedimentation was terminated by the Variscan Orogeny (Chlupáč 1998).
The Prague Basin was during its existence presumably situated on the Pe-
runica microcontinent (microplate) (Figs 7, 8). Perunica was first defined by
Havlíček et. al (1994) on the basis of apparent differences in the composition and
development of Ordovician fauna between the Prague Basin and other regions.
Fatka & Mergl (2009) revised the original concept of the Perunica microconti-
nent, which they supported not only by paleontological but also paleomagnetic
and sedimentological data (note, however, that Servais & Sintubin [2009] con-
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si d er e d P er u ni c a as a p al e o bi o g e o gr a p hi c al pr o vi n c e o nl y). D uri n g t h e E arl y
P al e o z oi c, P er u ni c a gr a d u all y drift e d a w a y fr o m G o n d w a n a t o w ar ds B alti c a, i. e.,
m o v e d fr o m hi g h t o l o w s o ut h er n p al e ol atit u d es ( H a vlí č e k 1 9 9 8; C o c ks & T ors vi k
2 0 0 6). T h e m o v e m e nt is w ell- d o c u m e nt e d i n t h e r o c k s u c c essi o n of t h e Pr a g u e
B asi n b y t h e tr a nsiti o n fr o m cl asti c ( Or d o vi ci a n) t o c ar b o n at e ( Sil uri a n a n d D e-
v o ni a n) s e di m e nt ati o n. C orr es p o n di n gl y, a c h a n g e i n t h e c o m p ositi o n of f ossil
f a u n as, i n cl u di n g t h e a p p e ar a n c e of r e ef- b uil di n g or g a nis ms, is a p p ar e nt. T h e
Sil uri a n a n d D e v o ni a n c ar b o n at e s u c c essi o ns of t h e Pr a g u e B asi n, t h at d e v el o p e d
i n t h e s u btr o pi c al a n d tr o pi c al r e al ms, ar e e x c e pti o n all y w ell- pr es er v e d a n d gl o b-
all y str ati gr a p hi c all y i m p ort a nt (s e e s u m m ar y a n d r ef er e n c es i n Kří ž 1 9 9 8 a n d
C hl u p á č 1 9 9 8).
B esi d es t h e Pr a g u e B asi n, n u m er o us ot h er E ur o p e a n a n d Afri c a n b asi ns ori gi-
n at e d al o n g t h e a cti v e m ar gi n of G o n d w a n a d uri n g t h e E arl y P al e o z oi c. T h es e
b asi ns ar e c oll e cti v el y r ef err e d t o as t h e p eri- G o n d w a n a ( C o c ks 2 0 0 0; C o c ks &
T ors vi k 2 0 0 2, 2 0 0 6; T ors vi k & C o c ks 2 0 1 3, 2 0 1 7) a n d i n cl u d e d u n d er w h at is
c all e d t h e M e dit err a n e a n Pr o vi n c e ( H a vlí č e k et al. 1 9 9 4). D uri n g t h e Or d o vi ci a n,
f a u n al pr o vi n ci alis m w as hi g h a n d r el ati v el y a br u pt c h a n g es i n t h e distri b uti o n of
c o nti n e nts o c c urr e d, e. g., i n r el ati o n t o t h e s pr e a di n g of t h e R h ei c O c e a n ( S er v ais
et al. 2 0 1 0). T his hi n d er e d i nt er n ati o n al c orr el ati o n of t h e Or d o vi ci a n str at a a n d
n u m er o us r e gi o n al s c al es w er e cr e at e d ( e. g., H a vlí č e k & M ar e k 1 9 7 3) a n d us e d
u ntil t h e gl o b al Or d o vi ci a n c hr o n ostr ati gr a p hi c s c al e w as i m pl e m e nt e d i n t h e 9 0 s
(s e e dis c ussi o ns a n d r ef er e n c es i n H a vlí č e k & M ar e k 1 9 7 3; We b b y et al. 2 0 0 4;
G uti érr e z- M ar c o et al. 1 9 9 5, 2 0 1 7; S er v ais et al. 2 0 1 0).
Fi g ur e 7: P al e o g e o gr a p hi c al m a p f or t h e Mi d dl e Or d o vi ci a n hi g hli g hti n g t h e
i nf err e d p ositi o n of t h e P er u ni c a mi cr o c o nti n e nt ( mi cr o pl at e) a n d t h e B alti c a
p al e o c o nti n e nt.  M o di fi e d aft er T ors vi k & C o c ks ( 2 0 1 7).  A b br e vi ati o ns:
Ar = Ar m ori c a; A v = A v al o ni a; N C H = N ort h C hi n a; P = P er u ni c a; S C H = S o ut h
C hi n a; Pr e = Ar g e nti n e Pr e c or dill er a; T a = T ari m; Ti = Ti b et.
2 2
3.2 Ordovician of the Prague Basin
The Ordovician strata of the Prague Basin constitute from an unmetamorphosed,
richly fossiliferous, continuous succession of diverse clastic sediments accompanied
with iron ores and volcanic rocks. The rich fossil fauna has been studied already in
the 19th century (Barrande 1865–1877) and used since then for stratigraphical,
paleogeographical and paleoecological interpretations (see, e.g., Havlíček 1981,
1982, 1989; Dzik 1983; Paris & Mergl 1984; Frýda 1988; Servais & Fatka 1997;
Mergl 2004; Polechová 2013; Lajblová & Kraft 2014).
The sedimentation in the Prague Basin initiated under an extensional regime
linked to the origin of the Rheic Ocean that separated Avalonia from Gondwana
(Cocks & Torsvik 2006). This tectonic unrest later led to extensive volcanic
activity, segmentation and subsequent facial differentiation of the Basin.
Stratigraphically earliest sediments of the Prague Basin developed during the
Tremadocian (Třenice and Mílina formations) in what was a very shallow, narrow
sea bay. The central, rapidly subsiding depression did not exist until the Floian
and Dapingian stages (Lower to Middle Ordovician; Klabava Formation), when
the initial deepening, sea-level rise and segmentation occurred in the Prague Basin
(Havlíček 1998).
During the early and middle Darriwilian (Šárka Formation), the transgression
and deepening of the Basin further progressed and was accompanied by exten-
sive volcanism. The diverse facies of the preceding time interval were mostly
replaced by clayey shales, locally associated with iron ores and volcanic rocks
(Havlíček 1998; Servais et al. 2008b). The shales contain originally carbonatic,
secondarily silicified (Kukal 1962) nodules with excellently preserved and abun-
dant fossil invertebrate fauna that often shows paleogeographic affinities to mid-
or low-latitude regions, namely Baltica. During the upper Darriwilian and lower
Sandbian stages (Dobrotivá Formation), the pattern of sedimentation remained
relatively unchanged (Havlíček et al. 1994) but the fauna shows much weaker
relationships to Baltica and other distant regions.
During a time interval from the early Sandbian to the mid-Katian (Beroun
Regional Stage; Libeň, Letná, Vinice, Zahořany and Bohdalec formations), the
Prague Basin further deepened (Havlíček 1998). A thick succession of dark
shales, claystones and siltstones, pyroclastics, sandstones and iron ores developed
(Havlíček & Marek 1973; Havlíček 1998). Shallow-water facies are less common
to missing due to later denudation of marginal parts of the Basin. Some parts
of the succession contain rich and well-preserved fossil invertebrate fauna (see
Havlíček & Vaněk 1966 and a summary in Havlíček 1998; later works include,
e.g., Kácha & Šarič 2009; Rak et al. 2009; Fatka et al. 2013; Ernst et al. 2014)
and ichnofossils are common (e.g., Chlupáč & Kukal 1988; Mikuláš 1990).
The Králův Dvůr Formation (upper Katian Stage) is characterized by strongly
bioturbated clayey to silty shales with limonitic, originally carbonatic nodules
(Štorch & Mergl 1989). Unique is the upper part of the Formation, where calcitic
shales, carbonatic claystones and clayey limestones are developed (Marek 1952;
Štorch & Mergl 1989) and contain fragmentary but very abundant fossil fauna
(Havlíček & Vaněk 1966; Mergl 2011a). Interestingly, the deposition of the Králův
Formation is roughly coeval with the globally recognized Boda Event (Fortey &
Cocks 2005; Cherns & Wheeley 2007; see also Kröger et al. 2016a, b).
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Stratigraphically youngest lithostratigraphic unit of the Ordovician of the
Prague Basin is the Kosov Formation (Hirnantian Stage), which records the end-
Ordovician global cooling, glaciation and associated eustatic sea level fall and
extinction (Melchin et al. 2013). The clastic sediments of the Kosov Formation
contain glacimarinne diamictites (Havlíček 1982; Štorch & Mergl 1989; Brenchley
& Štorch 1989) and dropstones (Hladil 1991). Bioturbation is common and the
character of fossil fauna contrasts strongly to that of the preceding formations
(Havlíček & Vaněk 1966; Mergl 2011b).
3.3 The Baltica paleocontinent
Baltica was together with Gondwana, Laurentia, North China, Siberia and South
China one of the prominent continents of the Early Paleozoic (Torsvik 1998; Cocks
& Torsvik 2002, 2005; Bergström et al. 2013) (Figs 7, 8). It included what is
today Scandinavia, the Baltics, Poland, eastern Europe and large areas of Russia
(as far as the Tajmyr Peninsula, Novaya Zemlya, Ural mountains, the Caspian
Sea and the Black Sea) (Cocks & Fortey 1998; Cocks & Torsvik 2005). The
independent history of Baltica started in the Late Proterozoic, when the Iapetus
Ocean separated it from Laurentia (Hartz & Torsvik 2002). However, the core of
Baltica is formed by much older, Archean and Proterozoic, metamorphosed rocks
of the East European Craton (Cocks & Torsvik 2005).
During the Early Paleozoic, Baltica gradually drifted from high to low lati-
tudes (Jaanusson 1973; Fedorov 2003; Cocks & Torsvik 2002, 2005; Bergström et
al. 2013), which is reflected by the changing patterns of facies and composition
of fossil associations (Cocks & Torsvik 2005). At about the Ordovician/Silurian
boundary, Baltica collided with Avalonia, and later, in the Silurian, with Lau-
rentia in the course of the Caledonian Orogeny (Cocks & Torsvik 2002, 2011;
Roberts 2003; Torsvik & Cocks 2005; Bergström et al. 2013). This origin of the
continent Laurussia marks the end of Baltica’s independent development. Dur-
ing the Variscan Orogeny in the Devonian and Late Paleozoic, Laurussia further
merged with Gondwana and became part of the supercontinent Pangea (Ziegler
1989, 1990; Cocks & Torsvik 2011).
On Baltica, the Early Paleozoic (especially Ordovician and Silurian) strata are
widely distributed, well-preserved, generally undeformed and often contain rich
fossil faunas that have been studied for a long time (e.g., Angelin & Lindström
1880; Isberg 1934). Some regions on the former Baltica, like south and central
Sweden, the Island of Gotland, the Island of Öland and northwest Estonia are
among the most intensively studied in the world (Webby 1984; Nestor 1995).
In the course of the herein presented research, fossil cephalopods from localities
in Estonia and Sweden were revised and thus, main aspects of the geology and
stratigraphy of both regions are briefly overviewed below.
3.4 The geological development of Estonia
The modern-day Estonia is situated on the southern slope of the Fennoscandian
(Baltic) Shield of the East European Craton. The penepled surface of the meta-
morphosed Precambrian crystalline basement is covered with late Ediacaran–
Devonian sedimentary succession (Puura et al. 1997; Meidla et al. 2014). The
thickness of the succession gradually increases to the south, as the upper surface
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Figure 8: Paleogeographical map for the Late Ordovician highlighting the in-
ferred position of the Perunica microcontinent (microplate) and the Baltica
paleocontinent. Modified after Torsvik & Cocks (2017). Abbreviations:
Ar=Armorica; Av=Avalonia; NCH=North China; P=Perunica; SCH=South
China; Pre=Argentine Precordillera; Ta=Tarim; Ti=Tibet.
of the basement is dipping southwards (Meidla et al. 2014).
The late Ediacaran and Cambrian strata (Mens & Pirrus 1997) of Esto-
nia consist from various clastic sediments that originated under relatively cool-
water conditions as Baltica was at that time situated in high-latitudes (Cocks &
Torsvik 2005). The transition from the terrigenous to carbonate sedimentation is
observed within the strata of the Early Ordovician (Floian) age and the first lime-
stone/dolomite unit originated during the early Middle Ordovician (Dapingian)
age (Nestor & Einasto 1997; Meidla 1997; Meidla et al. 2014). The post-Floian
strata are formed by initially cool-water but subsequently warm-water carbonates
with rich and diversified fossil fauna (Meidla 1997; Meidla et al. 2014). During
the Late Ordovician, framework reefs and carbonate mud-mounds for the first
time widely expanded across Baltica (Kröger et al. 2016b); and appeared in Es-
tonia, as well (Nestor 1995; Hints & Meidla 1997; Nestor & Einasto 1997; Kröger
et al. 2016b).
The Ordovician strata of Estonia have been studied already during the 19th
century (Engelhardt 1820; Strangways 1821; Eichwald 1825; Schmidt 1858) be-
cause of the excellent preservation of sedimentary structures and the high fossil
content. The limestones, that form the main part of the Ordovician succession in
Estonia, have been quarried and widely used as building and decorative stone. Of
a great economic and industrial importance has also been the kukersite oil shale
(mainly those of the Kukruse Regional Stage, i.e., lower Sandbian Stage), which
is the largest exploitable resource of its kind in the world (Bauert & Kattai 1997;
Meidla et al. 2014).
The Ordovician successions in the outcrop area on the north of Estonia differ
lithologically, as well as paleontologically from the stratigraphically corresponding
subsurface rocks in the central and southern part of the country (Meidla et al.
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2 0 1 4). T his h as c a us e d c o m pli c ati o ns wit h c orr el ati o n a n d di ff er e nt c o n c e pts
tr yi n g t o r es ol v e t his pr o bl e m w er e o ff er e d. A m o n g t h e m ar e str u ct ur al-f a ci es
z o n es of M ä n nil ( 1 9 6 6) a n d c o nf a ci es b elts of J a a n uss o n ( 1 9 7 6, 1 9 8 2; s e e als o
P är n ast e et al. 2 0 1 3 a n d B er gstr ö m et al. 2 0 1 3). N e w er t er mi n ol o g y h as b e e n
pr o p os e d b y H arris et al. ( 2 0 0 4). R e c e ntl y, t h e st a bl e c ar b o n is ot o pi c z o n ati o n
( e. g., Ai ns a ar et al. 2 0 0 4, 2 0 1 0; K alj o et al. 2 0 0 7) pr o v e d h el pf ul i n r es p e ct t o
t h e c orr el ati o n of t h e Est o ni a n Or d o vi ci a n.
As m e nti o n e d a b o v e, t h e s hift i n t h e c h ar a ct er of f a ci es r e fl e cts t h e drift of
B alti c a fr o m hi g h t o l o w a n d fi n all y e q u at ori al l atit u d es t h at gr a d u all y pr o gr ess e d
d uri n g t h e E arl y P al e o z oi c. I n t h e Sil uri a n, t h e s e di m e nt ati o n of li m est o n es
a n d d ol o mit es c o nti n u e d ( N est or 1 9 9 7), w hil e i n t h e D e v o ni a n, t h e d e p ositi o n
of s a n dst o n es pr e v ail e d ( Kl e es m e nt & M ar k- K uri k 1 9 9 7; K aj a k 1 9 9 7). Aft er t h e
D e v o ni a n, t h e r e gi o n w e nt t hr o u g h a v er y l o n g p eri o d of er osi o n t h at e n d e d
as l at e as aft er t h e Q u at er n ar y gl a ci ati o n. T h e o nl y p ost- P al e o z oi c r o c ks, t h at
ar e pr es er v e d i n Est o ni a, ar e gl a ci al s e di m e nts a n d v ari o us ot h er d e p osits of t h e
Pl eist o c e n e a n d H ol o c e n e a g e ( R a u k as & K aj a k 1 9 9 7).
3. 5 T h e g e ol o g y of t h e Silj a n Di s t ri c t, D al a r n a, c e n t r al
S w e d e n
T h e pr es e nt- d a y S w e d e n is sit u at e d o n t h e Fe n n os c a n di a n or B alti c S hi el d of
t h e E ast E ur o p e a n Cr at o n. T h e b e dr o c k is m ai nl y Pr ot er o z oi c i n a g e b ut i n
t h e n ort h er n m ost p art of t h e c o u ntr y, Ar c h a e a n r o c ks ar e pr es er v e d, as w ell ( e. g.,
Ö hl a n d er et al. 1 9 9 3). T h e cr yst alli n e b as e m e nt is o v erl ai d b y 1) str ati gr a p hi c all y
y o u n g er s e di m e nt ar y c o v er ( G e e & St urt 1 9 8 5; Li n dstr ö m et al. 2 0 0 8) a n d 2) t h e
S c a n di n a vi a n C al e d o ni d es ( G e e 1 9 7 5; G e e & St urt 1 9 8 5; R o b erts 2 0 0 3; G e e 2 0 0 8).
A u ni q u e r e gi o n f or t h e P al e o z oi c of S w e d e n is t h e Silj a n Distri ct of t h e
D al ar n a Pr o vi n c e. T h er e, o n e of t h e l ar g est i m p a ct str u ct ur es i n E ur o p e ( R ei m ol d
et al. 2 0 0 5; E b b est a d & H ö gstr ö m 2 0 0 7; H ö gstr ö m et al. 2 0 1 0; J u hli n et al. 2 0 1 2)
is pr es er v e d ( Fi g. 9). It r e a c h es a t ot al esti m at e d di a m et er b et w e e n 5 2 – 7 5 k m
( Gri e v e 1 9 8 8; v o n D al wi g k & K e n k m a n n 2 0 0 0; H e n k el & A ar o 2 0 0 5), w hil e t h e
di a m et er of t h e ori gi n al cr at er w as esti m at e d t o h a v e b e e n u p t o 8 5 k m ( H e n k el &
A ar o 2 0 0 5). T h e i m p a ct e v e nt o c c urr e d i n t h e e arl y Mi d dl e D e v o ni a n ( Fr as ni a n),
at a b o ut 3 7 7 M a ( R ei m ol d et al. 2 0 0 5). T h e i m p a ct ori gi n of t h e Silj a n str u ct ur e
w as first pr o p os e d b y Wi c k m a n et al. ( 1 9 6 3) a n d Fr e dri kss o n & Wi c k m a n ( 1 9 6 3)
a n d f ull y r e c o g ni z e d i n t h e l at e 8 0 s ( C olli ni 1 9 8 8).
T h e Silj a n str u ct ur e c o nsists of a c. 3 0 k m wi d e c e ntr al u plift, w hi c h is b uilt
m ai nl y b y Pr ot er o z oi c m a g m ati c a n d L at e Pr ot er o z oi c m et a m or p h os e d r o c ks, a n d
a s urr o u n di n g irr e g ul ar ri n g gr a b e n wit h P al e o z oi c s e di m e nts r e a c hi n g a m a xi m u m
wi dt h of c. 1 4 k m. N o P al e o z oi c r o c ks ar e pr es er v e d b e y o n d t h e ri n g gr a b e n d u e
t o l at er er osi o n ( E b b est a d & H ö gstr ö m 2 0 0 7).
T h e P al e o z oi c r o c ks of t h e Silj a n str u ct ur e ar e t e ct o ni c all y dist ur b e d, oft e n
st e e pl y i n cli n e d or o v ert ur n e d ( E b b est a d & H ö gstr ö m 2 0 0 7; H ö gstr ö m et al. 2 0 1 0;
J u hli n et al. 2 0 1 2) b ut still w ell- pr es er v e d a n d str ati gr a p hi c all y i m p ort a nt. S o m e
o ut cr o ps ar e t y p e l o c aliti es, d e fi n e i nt er n ati o n al bi o z o n es or c o nt ai n m ar k er b e ds
a n d m a n y of t h e f ossils k n o w n fr o m t h e r e gi o n ar e t y p e s p e ci m e ns of v ari o us
i n v ert e br at e t a x a ( E b b est a d & H ö gstr ö m 2 0 0 7; E b b est a d et al. 2 0 1 5). T h e
Silj a n r e gi o n h as b e e n st u di e d alr e a d y i n t h e 1 8t h a n d 1 9t h c e nt uri es ( Li n n a e us
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1734, referenced in Hedberg 1988; Törnquist 1871) and the research has been
intensive since then (see Ebbestad & Högström 2007 for summary of references).
The oldest Paleozoic strata that crop out in the Siljan ring are of Ordovician
age, but Late Cambrian sediments were found in erratic boulders, as well (Puura
& Holmer 1993; Ebbestad & Högström 2007). The Ordovician succession starts
with the Obolus sandstone, but most of the Period is represented by cool-water
to warm-water limestones. The Late Ordovician Kullsberg and Boda Limestone
formations contain carbonate build-ups (Kröger et al. 2016 a, b).
The Silurian of the Siljan district consists of bituminous mudstones with
graptolites that are overlain by the fine-grained Orsa Sandstone and younger
Devonian sandstones. No Paleozoic sedimentary successions younger than that
are preserved in the Siljan structure and in Sweden (Lindström et al. 2008).
Figure 9: Map of the Siljan impact structure (central Sweden) showing the ring-
shaped graben containing Paleozoic rocks. Circles represent selected individual
mud mounds of the Kullsberg Limestone Formation (Upper Ordovician; Kröger
& Aubrechtová 201X – Appendix 4).
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4. Results and discussion
4.1 Middle Ordovician cephalopods of the Prague Basin
and their paleogeographic implications
In the Prague Basin, well-preserved, abundant and diverse fossil cephalopod as-
semblages occur mainly in the low-latitude limestones of Late Silurian and Early
Devonian age (see Manda & Frýda 2010 and references therein). By contrast,
cephalopods from the stratigraphically older, high to mid-latitude clastic rocks
of the Ordovician age, are comparatively less diverse and often cannot be taxo-
nomically determined due to their unfavourable preservation. For these reasons,
the group and its paleogeographical and paleoenvironmental significance has not
received sufficient attention in the Prague Basin since the detailed works of J.
Barrande (1865–1877). The only later publications include a summary by Marek
(1999), comprehensive revisions of genera Bathmoceras (Marek & Mutvei, not
published), Trocholites (Manda 2008b), Bactroceras (Aubrechtová 2015 – Ap-
pendix 1) and a recent description of the lituitids (Aubrechtová & Turek 201X –
Appendix 5).
The majority of fossil cephalopods from the Ordovician of the Prague Basin
are slender longiconic orthocones with relatively narrow, tubular siphuncles and
occasional cameral deposits. These forms are representatives of the orders Ortho-
cerida and Pseudorthocerida (Marek 1999) but their exact taxonomic assignment
is mostly difficult and out of the scope of the present thesis. However, some of the
orthocerid and pseudorthocerid taxa have been briefly discussed, synonymised or
re-assigned by, e.g., Dzik (1981), Kröger (2004, 2012), Kröger & Isakar (2006),
Evans (2005), Evans et al. (2013) and Aubrechtová (2015 – Appendix 1).
Besides the Orthocerida and Pseudorthocerida, other cephalopod orders are
represented in the Ordovician of the Prague Basin, as well. It is notable, that
these orders are restricted only to rather narrow intervals in the upper Dapingian
(Klabava Formation), the Darriwilian (Šárka and Dobrotivá formations) and
upper Katian (Králův Dvůr Formation) stages (Fig. 10). During these time
intervals, faunal interchanges between the Prague Basin and other regions have
been postulated (see summary in Fatka & Mergl 2009).
From the upper part of the Klabava Formation, stratigraphically earliest
cephalopods in the Prague Basin were recorded (Kraft & Kraft 1994; Havlíček
1998; Marek 1999). Besides Bactroceras and other orthocerids, the cyrtocerinid
Bathmoceras complexum and lituitid Rhynchorthoceras cf. angelini are known
(Marek 1999; Aubrechtová & Turek 201X – Appendix 5). In the Šárka Forma-
tion, Bathmoceras complexum (Barrande, 1868; see also Mutvei 2015) is common
along with three endocerid species. Also abundant is the peculiar species "Or-
thoceras" bonum. Barrande, 1868, which was assigned to the order Actinocerida
but this classification is doubtful (Marek 1999; Manda 2008b; Evans et al. 2013).
Non-orthocerid cephalopods of the Dobrotivá Formation include a single, unde-
termined endocerid (Turek & Aubrechtová, personal observation), two lituitid
genera Trilacinoceras and Lituites (Aubrechtová & Turek 201X – Appendix 5)
and a tarphycerid Trocholites fugax Babin & Gutiérrez-Marco, 1992 (=?Lituites
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primulus Barrande, 1865), which was studied and discussed by Manda (2008b).
In the Upper Ordovician Králův Dvůr Formation, a single actinocerid and an
endocerid have been identified (Turek & Aubrechtová, personal observation). In
addition, Diestoceras primum (Barrande, 1865) is so far the first and only rep-
resentative of the Oncocerida in the Ordovician of the Prague Basin (cf. Strand
1934; Flower 1946 and Marek 1999).
In the course of the present PhD. research, the orthocerid Bactroceras Holm,
1898 and lituitids Rhynchorthoceras Remelé, 1882, Trilacinoceras Sweet, 1958
and Lituites Bertrand, 1763 have been studied (Aubrechtová 2015 – Appendix 1;
Aubrechtová & Turek 201X – Appendix 5).
4.2 Early orthocerid Bactroceras from the Middle Or-
dovician of the Prague Basin
Bactroceras Holm, 1898 is evolutionary important as the earliest known orthocerid
cephalopod (Kröger & Evans 2011). As all orthocerids, Bactroceras has a slender,
straight shell and a narrow, tubular siphuncle with orthochoanitic septal necks.
The siphuncle is, however, not central (nor subcentral) in position but located in
contact or in the proximity to the ventral shell wall. For this reason, previous
researchers regarded the species Bactroceras sandbergeri (=Eobactrites Schinde-
wolf, 1932) as the earliest bactritid (Schindewolf 1932, 1933; Erben 1964; Holland
2003; Shevyrev 2006a, b). The collection of Bactroceras from the Prague Basin is
unique in that it is the largest collection of the genus globally counting up to over
one-hundred specimens. Therefore, the Bohemian material significantly extends
the knowledge on the morphology and ontogeny of Bactroceras. Small, dorsally
positioned muscle scars were described for the first time in the genus and one of
the specimens even preserves the embryonic shell with the medium-sized, hemi-
spherical initial chamber. Mentioned type of muscle scars (Mutvei 1957, 2002a,
b) and initial chamber (Balashov 1957; Ristedt 1968; Kolebaba 1973; Engeser
1996; Kröger 2006; Kröger & Isakar 2006) are additional diagnostic features of
order Orthocerida and prove that the similarity of Bactroceras and the bactritids
is only a convergence (e.g., Sweet 1958; Dzik 1981, 1984; Evans 2005).
Stratigraphically oldest representatives of Bactroceras are of the Early Or-
dovician age; they were reported from the late Tremadocian of France (Kröger
& Evans 2011), Iran (Evans et al. 2013) and Turkey (Dean & Monod 1970) and
from the late Floian of Bolivia (Marek et al. 2000; Aubrechtová 2015 – Appendix
1). During the Middle Ordovician, Bactroceras is known from the Prague Basin
but also from Avalonia (Evans 2005), Baltica (Rüdiger 1889; Holm 1898; Sweet
1958), South China (Xu & Lai 1987; Zou 1987) and even Laurentia (Flower 1968;
Evans & King 1990; Evans 2005). In the Late Ordovician, Bactroceras occurred
in the Prague Basin (Barrande 1870; Aubrechtová 2015 – Appendix 1) and the
low latitude/equatorial South China (Lai 1987), Australia (Glenister 1952; Stait
et al. 1985; Hewitt & Stait 1985) and Indonesia (Crick & Van Ufford 1995). The
foregoing paleogeographical distribution of Bactroceras implies, that orthocerid
cephalopods originated in the high-latitude regions in the Early Ordovician and
spread to the mid and even low latitudes later during the Ordovician (Kröger
et al. 2009b; Kröger & Evans 2011; Kröger 2013a). Second, the occurrence of
Bactroceras sandbergeri (and other cephalopods, such as Bathmoceras and endo-
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cerids) in the Šárka Formation of the Prague Basin and in roughly coeval strata
of Wales and Baltica shows, that faunal interchanges were possible between these
regions at least during the Middle Ordovician (Marek 1999; Fatka & Mergl 2009).
Figure 10: Stratigraphic occurrence of cephalopod orders in the Ordovician of the
Prague Basin (generalized with the exception of the Lituitida; see Aubrechtová &
Turek 201X – Appendix 5). Modified after Marek (1999) and Lajblová & Kraft
(2014).
4.3 Lituitid cephalopods from the Middle Ordovician of
the Prague Basin
Occurrences of cephalopods of the order Lituitida in the Prague Basin are also
paleobiogeographically significant. During the Ordovician, the lituitids were rel-
atively abundant and widespread in the low-latitude regions, namely Baltica (see
Balashov 1953; Sweet 1958 and references therein) and China (North and South
China, Tarim, Tibet; e.g., Lai 1986, 1989; Yun 1999, 2002, 2003; Xiao et al. 2006;
Fang et al. 2017a, b) but have been described also from Laurentia (Flower 1975),
Siberia (Kröger 2013a), Avalonia (Evans 2005) and the Argentine Precordillera
(Kröger et al. 2007). By contrast, the lituitids are known only from a handful
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of specimens from regions, that were in the Ordovician situated in high-latitudes
(such as the Prague Basin). Stratigraphically earliest lituitid currently known
from the high paleolatitudes is a single fragment assigned by Marek (1999) to the
species Rhynchorthoceras cf. angelini (Boll, 1857). The fragment originates from
the upper part of the Klabava Formation (upper Dapingian Stage). The species
appearance in the Prague Basin coincides with a time period, when the exchange
of nektonic fauna intensified between the Prague Basin and Baltica (e.g., Dzik
1983; Manda 2008b; Kröger 2013a; Aubrechtová 2015 – Appendix 1).
Five specimens assigned to Lituites lituus de Montfort, 1808 and one spec-
imen assigned to ?Trilacinoceras discors (Holm, 1891) from the Prague Basin
(Dobrotivá Formation, late Darriwilian) have been described for the first time
in the course of the present thesis (Aubrechtová & Turek 201X – Appendix 5).
The only other lituitid known from the high paleolatitudes is a single specimen of
Trilacinoceras? from roughly coeval strata of the Iberian Peninsula (Guttiérrez-
Marco et al. 1984; Babin & Guttiérrez-Marco 1992; Sá & Guttiérrez-Marco
2009). The timing of the lituitid appearance in the Prague Basin and Iberia
corresponds to a dispersion event of another typically low-latitude cephalopod
– the tarphycerid Trocholites fugax (Babin & Gutiérrez-Marco, 1992; see also
Manda 2008b). Interestingly, lituitids and tarphycerids are entirely missing from
the Šárka Formation, a formation preceding the Dobrotivá Formation. In the
Šárka Formation (early–mid Darriwilian), fossil cephalopod fauna is compara-
tively richer and more abundant and several taxa of Baltican affinity are known
from there (Manda 2008b; Aubrechtová 2015 – Appendix 1).
4.4 Late Ordovician cephalopods from the reef environ-
ments of Baltoscandia
Reefs have existed on Earth ever since the Paleoarchean (Allwood et al. 2007).
For a long time, the reefs were only microbial (stromatolites, thrombolites). Later,
in the Cambrian and early–mid Ordovician, skeletal reef-building organisms ap-
peared, as well, but mostly acted only as subordinate elements (Webby 2002;
Riding 2006). Exceptions include large Cambrian archaeocyath reefs (Rowland
& Shapiro 2002).
In the latest Middle Ordovician, however, a transition from microbial-
dominated to metazoan-dominated (skeletal-dominated) reefs occurred (Webby
2002). Bryozoans and stromatoporoids became the main reef-builders and
sponges, echinoderms, corals and algae were common and important compo-
nents. During the Late Ordovician, the metazoan reefs spread globally and
expanded also to the more distant, relatively deeper-water depositional settings
(mud-mounds). This fundamental change in the organismal composition and
structure of reefs and the subsequent rapid diversification of reef-dwelling faunas
is among the key phases of the Great Ordovician Biodiversification Event (the
GOBE; Webby 2002; Adachi et al. 2011; Kröger et al. 2016b).
In Baltoscandia, earliest extensive metazoan-dominated reefs developed dur-
ing the late Sandbian–early Katian time interval. Framework reefs grew in the
proximal, shallow-water depositional settings, while mud-mounds originated in
the deeper settings (Tuuling & Flodén 2000; Kröger et al. 2016b). This initial
phase of bioherm development was followed by another generation of reefs during
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the mid-Katian and later, between the late Katian and early Hirnantian. A com-
prehensive description of the development, structure and stratigraphy of reefs and
mud-mounds of Baltoscandia has recently been made in the work of Kröger et al.
(2016a). According to the authors, the main cause of the appearance and expan-
sion of the reefs and mounds on Baltica during the Late Ordovician was probably
the drift of the paleocontinent towards low and equatorial paleolatitudes.
Both the framework reefs and mud-mounds were formed natural diversity
hotspots. A remarkably rich and diversified, often endemic faunas inhabited
them (for summary see Ebbestad & Högström 2007; Kröger & Ebbestad 2014).
Cephalopods were important motile constituents of these associations and their
fossil remains have potential implications to stratigraphy, paleoecology and paleo-
geography of the reef settings. Despite existing museum collections held hundreds
of fossil cephalopod specimens, the group was not in the past comprehensively
investigated or interpreted. Most recently, a series of three papers has been pub-
lished that analysed fossil cephalopod assemblages of the Late Ordovician reef
settings of Baltoscandia. The first of the series is the work of Kröger (2013b),
who monographed the late Katian–early Hirnantian fossil cephalopods from the
mud-mounds of the Boda Limestone Formation (Siljan District, central Sweden).
The other two studies have been completed in the course of the present PhD.
project – the fossil cephalopods from the framework reefs of the Vasalemma For-
mation in northwest Estonia (Kröger & Aubrechtová 2018 – Appendix 3) and the
mud-mounds of the Kullsberg Limestone Formation in central Sweden (Kröger
& Aubrechtová 201X – Appendix 4), have been revised. Both latter formations
are of late Sandbian–early Katian age but originated in different depositional set-
tings within the Baltic Basin, which in turn produced a differing character of the
associated cephalopod faunas.
4.5 Cephalopods of the Vasalemma Formation, Estonia
The Vasalemma Formation of northwest Estonia (Fig. 11) is an up to 15 m
thick succession of biodetrital grainstones with intercalated reef bodies. The sed-
imentation occurred on a shallow platform in the central part of North Estonian
Confacies Belt (see Kröger et al. 2014, 2016b) during the latest Sandbian time
interval (Kröger & Aubrechtová 2018 – Appendix 3; Fig. 12 herein). The lime-
stones of the Vasalemma Formation record the rising limb of a major excursion
of carbon isotopes (Kröger et al. 2014) that has been correlated with the North
American Guttenberg Carbon Isotope Excursion (known as the GICE; Ainsaar
et al. 2010; Bergström et al. 2010, 2012). Notably, the same time interval is
known for abrupt faunal changes (including the growth of bioherms elsewhere
in Baltoscandia), as well as volcanic events, tectonic activity and oceanic and
climatic disturbances (see references in Kröger & Aubrechtová 2018 – Appendix
3).
The fossil cephalopods of the Vasalemma Formation have previously been dealt
with in some greater detail only by Balashov (1953), Stumbur (1962) and Kröger
& Isakar (2006). In this PhD. project, over 300 specimens from older and rela-
tively new museum collections have been studied (Kröger & Aubrechtová 2018 –
Appendix 3). The specimens were mostly collected from shell concentrations in
synsedimentary cavities that are called “pockets” (see references in Kröger et al.
2014 and Kröger & Ebbestad 2014).
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The taxonomic composition of the Vasalemma fossil cephalopod assemblage shows
a prevalence of small actinocerids of the genus Orthonybyoceras Shimizu & Obata,
1935, followed by the annulated orthocerid Striatocycloceras Kröger & Isakar,
2006 and the tarphycerid Discoceras Barrande, 1867. It is notable, that endo-
cerids are entirely missing from the fossil assemblage. Such a composition of
fauna points to a shallow, subtidal environment under warm, sub/tropical cli-
mate (Kröger et al. 2009b; Kröger 2013a). This conclusion is also supported
by a rather high abundance of epibionts (mainly bryozoans), that encrust the
cephalopod specimens, and common occurrence of traces of bioerosion (sponge
borings).
The cephalopod species of the Vasalemma Formation are mostly endemic, with 17
out of 22 identified species known so far only from the Vasalemma area. Generic
and ordeal composition, however, allows for paleogeographical comparisons. It
shows high degree of similarity with the late Sandbian faunas of the epiconti-
nental Laurentia. The paleogeographical distribution pattern of the Vasalemma
cephalopods is similar to that known in brachiopods (Harper et al. 2013; Sohrabi
& Jin 2013; Candela 2015), which implies that the spreading and occurrence of
both groups is controlled by the sea-water temperature and depositional depth.
Some cephalopod genera from the Vasalemma Formation have been reported also
from coeval strata of North China and Australia, but to Laurentia, they migrated
only later, during the Katian.
Figure 11: Map of the outcrop area of the Vasalemma Formation in northeastern
Estonia with the location of reef limestones. After Kröger & Aubrechtová (2018
– Appendix 3).
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4.6 Cephalopods of the Kullsberg Limestone Formation,
Sweden
The Kullsberg Limestone Formation in the Siljan District, central Sweden (Fig.
9) consists of carbonate mud-mounds formed by massive, micritic stromatac-
tis limestones with coarse-grained echinoderm limestones along their flanks (see
Ebbestad & Högström 2007; Kröger et al. 2016a, b for summary and references).
The mounds have diameters between 300–350 m and thickness between 40–50 m
(Kröger & Aubrechtová 201X – Appendix 4). As discussed above, the Kullsberg
mounds are stratigraphically nearly coeval with the reefs of the Vasalemma For-
mation (Fig. 12), i.e., are of late Sandbian age (but the deposition of the former
possibly persisted slightly longer, until the earliest Katian; Kröger & Aubrechtová
201X – Appendix 4). Kröger et al. (2016b) argued that the Kullsberg Limestone
and Vasalemma formations are additionally nearly coeval with the Mjøsa and
Steinvika formations of Norway. The second, stratigraphically younger genera-
tion of carbonate mud-mounds in the Siljan region is represented by the Boda
Limestone Formation (late Katian–early Hirnantian; Fig. 12). Both mud-mound
generations in Siljan represent relatively deeper depositional settings compared to
that of the Vasalemma Formation – the deposition depth of the Kullsberg Lime-
stone was estimated up to 50 m (Tobin et al. 2005) and of the Boda Limestone
between 50–100 m (Kröger & Ebbestad 2014).
The fossil cephalopods from the Kullsberg Limestone Formation have
not been studied previously in any detailed manner. Only recently, Kröger &
Aubrechtová (201X – Appendix 4) described c. 180 specimens of cephalopods
from existing museum collections. As it was the case of the Vasalemma
cephalopods, most of the Kullsberg specimens were collected from infillings of
synsedimentary cavities called the “pockets” (see references in Kröger et al. 2014
and Kröger & Ebbestad 2014).
The Kullsberg fossil cephalopod assemblage is strongly dominated by ortho-
cerids Ordogeisonoceras and Striatocycloceras, discosorids are the second most
abundant group. By contrast to the Vasalemma Formation, the Kullsberg fos-
sil assemblage also contains endocerids, while actinocerids are missing. Epibionts
and shell borings have not been observed in any of the specimens, except for a sin-
gle specimen assigned to the tarphycerid Discoceras, which is overgrown by small
bryozoan colonies. The taxonomic composition of the Kullsberg fossil cephalopod
assemblage and the absence of epibionts/boring organisms supports the interpre-
tation of the Formation as having been developed in a relatively deep-water and
distant settings (Tobin et al. 2005).
Paleogeographically, the Kullsberg fossil assemblage corresponds to other
low-latitude fossil cephalopod assemblages known from North America and South
China and supports paleogeographical comparisons based on brachiopod faunas
(see references in Kröger & Aubrechtová 2018 – Appendix 3).
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Figure 12: Stratigraphical position of the Late Ordovician reef limestones of
Baltica, from which some of the fossil cephalopods studied herein were gathered
and compared. After Kröger & Aubrechtová (201X – Appendix 4).
4.7 Late Silurian ascocerid from Estonia and its paleobio-
geographical significance
The order Ascocerida consists of rare and morphologically peculiar cephalopods
in which shell truncation happened periodically during life (see the chapter Or-
der Ascocerida above). The ascocerids originated during the Ordovician (Flower
1941) and were mostly restricted to mid- to low-latitude Laurentia and Baltica.
During the Late Silurian, however, the ascocerids expanded also to Avalonia (Hol-
land 1999) and the Prague Basin (Barrande 1877). The latter occurrence was
probably related to the position of Perunica near the Baltica paleocontinent in
the relatively low latitudes (Havlíček 1998; Cocks & Torsvik 2006). It is note-
worthy, that in the Prague Basin, also other cephalopods have paleogeographical
relationships with Baltica during the Late Silurian, namely the phragmoceratids
(Manda 2008a).
The largest collections of Silurian ascocerids were collected from Bohemia
(Barrande 1855, 1865, 1877) and the Swedish island of Gotland (Lindström 1890).
Outside Gotland, the record of Silurian ascocerids in Baltica consists of only a
handful of specimens from Poland (Dzik 1984) and the Island of Saaremaa, Esto-
nia (Kaljo 1970; Klaamann 1970). In Aubrechtová & Meidla (2016 – Appendix 2),
the stratigraphically earliest ascocerid from the Late Silurian of Estonia (Fig. 13)
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was identified and described and the locality of the single specimen, the Pähkla
Quarry of the Island of Saaremaa, was revised and its current state was docu-
mented. The stratigraphic age of the locality and the specimen (Ludlow Series)
corresponds to a time interval, when ascocerid cephalopods are the most diverse
and have their widest paleogeographic occurrence (see references in Aubrechtová
& Meidla 2016 – Appendix 2). The newly identified specimen from Estonia is an
important addition to the knowledge on the paleoecology and paleogeography of
the group.
Figure 13: Stratigraphic distribution of ascocerid cephalopods in the Silurian of
Baltica showing the position of the herein studied specimen from Estonia (grey




In Aubrechtová (2015 – Appendix 1) the cephalopod genus Bactroceras from the
Middle Ordovician of the Prague Basin was revised. Bactroceras is evolutionary
important as the earliest known member of the order Orthocerida. The genus first
appeared in the Early Ordovician in the high-latitude margins of peri-Gondwana
and later during the Ordovician expanded towards the lower latitudes. From the
strata of the Prague Basin, Bactroceras has been known from the Klabava (upper
Dapingian Stage), Šárka (Darriwilian Stage) and the Králův Dvůr formations
(upper Katian Stage). The Bohemian collection of Bactroceras is the largest
globally, yet any detailed description and revision was lacking for a long time.
During the study in Aubrechtová (2015 – Appendix 1), muscle scar imprints
were reported the first time in Bactroceras and also, the initial chamber was
thoroughly described and photographed. The genus was systematically revised
and the paleogeographic and stratigraphic distribution of the individual species of
Bactroceras was summarized. Bactroceras appeared in the Prague Basin during
time intervals of increased faunal exchanges with other regions, namely Baltica.
The study supported results of previously published research regarding the origin
of orthocerids during the Early Ordovician in the high-latitude regions and deep-
water, pelagic environments and their subsequent expansion to the lower latitudes
and occupation of shallow-water and more proximal habitats (Kröger et al. 2009b;
Kröger 2013a).
Cephalopods of the order Lituitida were characteristic components of mid- and
low-latitude faunas during the Middle and Late Ordovician. In the high-latitude
regions of peri-Gondwana, they were, by contrast, rather rare. The earliest lituitid
known from the high-latitudes is a single specimen of the genus Rhynchorthoceras
from the Klabava Formation (upper Dapingian Stage) of the Prague Basin, and
for a long time, the only lituitid ever recorded in the Ordovician strata of Bohemia.
As in the orthocerid Bactroceras above, the lituitid Rhynchorthoceras occurred in
the Prague Basin within faunas with Baltic affinities (Marek 1999). In Aubrech-
tová & Turek (201X – Appendix 5), Rhynchorthoceras was for the first time
studied in a detailed manner. Additionally, newly identified specimens belonging
to two other lituitid genera, Lituites and Trilacinoceras, were described from the
Dobrotivá Formation (upper Darriwilian Stage). The lituitids of the Dobrotivá
Formation are important, because they co-occur there with another typically low-
latitude cephalopod, the tarphycerid Trocholites (Manda 2008b); they are also
coeval with the only other high-latitude occurrence of lituitids, a probable Tri-
lacinoceras from the Iberian Peninsula (Sá & Guttiérrez-Marco 2009). Similarly
to the orthocerids, the lituitids are thought to have been adapted to the life in
relatively distant, deeper-water, pelagic environments and able to migrate over
long distances. However, the paleogeographic distribution of lituitids implies that
the environmental conditions of the high-latitude regions may have been off their
ecological limits.
In Kröger & Aubrechtová (2018 – Appendix 3) and Kröger & Aubrechtová
(201X – Appendix 4), two roughly coeval (late Sandbian) fossil cephalopod as-
semblages were analysed from the reefs of the Vasalemma Formation of north-
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west Estonia and the mud-mounds of the Kullsberg Limestone Formation of the
Siljan District, central Sweden. Both formations differ in the composition of
their fossil cephalopod faunas. The Vasalemma fossil assemblage is dominated
by actinocerids, orthocerids and tarphycerids and endocerids are missing; the
shells are commonly strongly overgrown by epibionts. The Kullberg fossil assem-
blage is, by contrast, composed of orthocerids, discosorids and endocerids, while
actinocerids do not occur and epibionts are extremely rare. The taxonomic over-
lap between the Vasalemma and Kullsberg cephalopods is low (only one third
of the species are common to both fossil assemblages) resulting probably from
different bathymetric conditions (see above). The Kullsberg fossil assemblage is
in fact much more similar to the stratigraphically younger Boda Limestone For-
mation, in which orthocerids prevail, as well, and actinocerids are rare or miss-
ing. Both latter formations have been interpreted to represent a similar, distant
and deeper-water environment, while the Vasalemma formation is interpreted as
shallow-water (Ebbestad & Högström 2007; Kröger et al. 2016). Cephalopods
studied by Kröger (2013b), Kröger & Aubrechtová (2018 – Appendix 3) and
Kröger & Aubrechtová (201X – Appendix 4) support these assumptions.
The Late Ordovician fossil cephalopod assemblages from the Prague Basin
were very different from those on Baltica described above. The Prague Basin
was still situated in the high latitudes during the time interval. Orthocerids
and pseudorthocerids dominated, while cephalopods of the low-latitude origin
were rare. So far, they have been found only in the strata of the Králův Dvůr
Formation (upper Katian Stage; Marek 1999) that represent a time period of an
increased faunal interchange between the Prague Basin and mainly Avalonia and
Baltica (Fatka & Mergl 2009). The migration of these cephalopods to the Prague
Basin may be possibly related to the globally recognized Boda Event (Kröger et
al. 2016b).
In Aubrechtová & Meidla (2016 – Appendix 2), a single specimen assigned to
the enigmatic order Ascocerida was described from the Late Silurian of Estonia.
In Baltica, the ascocerids have only rarely been collected from Silurian strata
outside the Island of Gotland (Lindström 1890); the Estonian specimen is thus
an important addition to the paleogeographic distribution of the group. The age
of the specimen also corresponds to a time interval, when the abundance and
diversity of ascocerids reached its maximum. Also the paleogeographic extent of
the group was at its widest, as the ascocerids for the first time during the Silurian
appeared outside the Laurentia–Baltica region, in Avalonia (Holland 1999) and
in the Prague Basin (Barrande 1855, 1865, 1877). The expansion of ascocerids in
the Prague Basin is possibly related to the position of Perunica near Baltica and
in the relatively low latitudes (Cocks & Torsvik 2006).
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